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Abstract 

We present a study of single-W production (e+e" — > e~^'eW+) as 
a new probe of the anomalous couplings at the LEP energy region. 
We introduce simple cuts to separate the single-W process from W- 
pair production and have performed cross-section calculations using 
4-fermion generator "grc4f" . The cross-section of the single-W process 
is found to be large enough to detect at LEP experiments in the near 
future. In addition, a high sensitivity to the anomalous coupling of the 
WW^ vertex is expected since the amplitude of the WW^ diagram 
makes a dominant contribution in this process. We have found that the 
cross-section measurement of the single-W process in the LEP2 energy 
region can give complementary bounds on the anomalous couplings to 
those obtained from W-pair analysis. 
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1 Introduction 



Recent high precision measurements performed at LEP and SLC have clar- 
ified that the fermion-gauge boson couphngs are amazingly well described 
by the Standard Model (SM). On the other hand, the gauge sector of the 
Standard Model is still poorly measured. The non-abelian self couplings of 
gauge bosons are the most direct consequences of the SU{2) x U{1) gauge 
symmetry and the couplings of Triple Gauge boson Couplings (TGC) are 
uniquely determined by the Standard Model. Any deviation of these cou- 
plings from their expectation would indicate physics beyond the Standard 
Model. While TGCs only enter through loop corrections at LEPl energy, a 
direct confirmation of these couplings can be made at LEP2. 

Prior to the actual startup of LEP2, a number of studies have already 
been made to find possible ways to probe non-standard WW'j and WWZ 
couplings Most studies up-to now have focused on the process e+e" — >■ 
W+W". Although this process is anticipated to give a good sensitivity to 
the anomalous couplings, it suffers from the disadvantage that one cannot 
disentangle the effects of WW'-)' and WWZ couplings. Especially, the gauge 
cancellations between 7, and neutrino exchange graphs are still not fully 
operative at LEP2 energy region, hence, only the interference effects between 
different TGCs dominate. One has to utilise the angular dependence and 
correlations of the decay products as much as possible to isolate different 
linear combination of WWV {V = 7, Z) couplings. 

One way to avoid such complications is to use the reaction e"'"e~ — >■ z/z/7 
where only the structure of the WW'j coupling can be studied [Q, ^. The 
expected sensitivity limits are, however, substantially weaker at the energy 
region accessible to LEP |0] because the diagram involved in this channel is 
WW fusion type. 

Another candidate is a single- W process: e+e~ e~i/eW+. This process 
is not well studied so far for LEP. Pioneering works Q are done to include 
this 'single-W' process for the test of TGC. Unfortunately, relatively large 
polar angle of the out-going electron is demanded in order to avoid coUinear 
singularities in the calculation in [Q . The contribution of real "single-W" is 
essentially suppressed as a result. In addition, because no separation is made 
against W-pair production in [Q, the estimated sensitivity is dominated by 
W-pair contribution above the WW threshold. 
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In this letter we propose a new probe of the WW'j vertex using e"'"e~ 
e~Ue^~^ process where the electron escapes down the beam pipe. We suggest 
the selection criteria for single-W production and present the anticipated 
sensitivity to the anomalous TGCs. 

2 Single-W production 

At the energy region of LEP2 and above, four-fermion final state can, in 
general, be produced by double (heavy boson) resonant diagrams, single 
resonant diagrams or non-resonant diagrams. Single-W processes include 
e"'"e~ —>■ i~h'iW~^ where I can be either an electron or a muon, and W decays 
into two fermions. The electron case is attractive since t-channel diagrams 
also exist. For example, the diagram involved in e"'"e~ — > e~Uef^'^i^^i can be 
grouped into the s-channel (figure |1]) and t-channel classes (figure 0), each 
group forms a gauge invariant set. Among the t-channel diagrams, the 'y-W 
process (the first row in figure ^ give the dominant contribution. Even below 
the WW threshold, a significant contribution is expected from the 'j-W-W 
diagram (the second graph in figure 

In order to enhance the t-channel contribution, we need to require the 
outgoing electron to be within a small angle. This cut causes several problems 
for the cross-section calculation. First of all, the matrix element needs to keep 
even the electron mass finite throughout the calculation to avoid a singularity 
at small electron polar angle (^e-)- It should be noted that, although a 
number of event generators for four-fermion processes are available now [^], 
some approximation, including zero mass of fermions, are often introduced 
in order to cope with the complexity of the calculation. Secondly, the gauge 
violating term due to the introduction of the finite width of W is found to 
blow up at small 6'e- 0, and stops one from obtaining reliable cross-section as 
a result. This problem can, however, be avoided by several methods 0, Q and 
the results of each scheme are found to be consistent [§]. The third problem 
is a technical one. Since a large cancellation between the j-W processes is 
expected in the unitary gauge, one has to pay attention to the calculation of 
the cross-section especially when a numerical integration is used. This can 
be avoided if one takes an efficient gauge. 

Here we use "grc4f" for the calculation. In this package, all the 
fermion masses are properly taken into account in the helicity amplitude 
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(CHANEL [|T0|)- A numerical integration with multi-dimensional phase space 



is done by BASES [|ri|] . The gauge violation due to the finite width of the W 
is cured by subtracting the terms which satisfy the Ward identity, from the 
electron current . This method also benefits the stability of the numerical 
integration since each amplitude is safely kept close to unity. One can thus 
perform a cross-section calculation reliably even without a cut on the elec- 
tron polar angle. A kinematics suitable for the single-W process is completely 
different from that for W-pairs. The package "grc4f" incorporates another 
set of special kinematics aimed at studying single W processes. The result 
presented here have been obtained using the following set of parameters: 

Mz =91.189GeV, Tz = 2.497GeV, 
Mw = 80.23GeV, Tw = 2.034GeV, 
a = 1/128.07, sin^^w = 1 - (M^/Ml). 



For the radiative corrections, the electron structure function at O(a^) |]12| 
is convoluted with the cross-section for a primary process. Hard emitted pho- 
tons with finite transverse momentum may, in general, distort the direction 
of the final fermions. This effect could not be negligible for the processes with 
the electron (positron) in the final state, for example, the t-channel classes of 
e"'"e~ — >■ e~z/e/i"'"z//i, due to a steep forward-peak of their angular distribution. 
In our approximation, initial state photons are radiated along the beam axis, 
and the effect stated above is not taken into account. However the global 
correction of initial state radiation is still useful to estimate an experimental 
sensitivity for TGCs. For the future precise measurements of TGCs, more 
complete treatment for the radiative corrections is desired. 



3 Experimental signature 

We mainly focus on the e"'"e~ —>■ e~z/e/i'''t'/i process in this letter since the 
signature is very clean from an experimental point of view. Once the W-pair 
threshold opens, one has to discriminate single-W from WW. This can be 
done very simply by demanding the electron travels down to the beam pipe. 
We use the following cuts on the polar angles for the electron and the muon. 

6'e- < 35mrad and |cos6'^+| < 0.95. (1) 
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The resulting event signature is "single muon". In order to demonstrate 
how these cuts work, we show several event distributions. The energy and 
angular distributions for single-W's are not changed much at LEP energies 
because it is produced nearly at rest due to the t-channel production. We 
arbitrarily take the energy point Ecm =192 GeV. Figure ^a) and b) compares 
the distribution for the invariant mass of e~i7e'- M{e~-i7e) versus that of ^^v^: 
M^ii^-u^) with no cuts (^a) and with the cuts stated above d^b). Double 
resonant contribution is clearly suppressed by the cuts (|lD. 

Although the single-W process dominates in the sample after the cuts (|l|), 
a small fraction of extra components exist. As is seen in figure ^c) (the 
momentum of muon: P^) and ^-d) (P^ versus M(/i+-z/^)), this extra contri- 
bution is distinct from the single-W production. Events with low momentum 
mainly come from the non-resonant diagram (the third diagram in figure |^) 
and the rest with high momentum are from single-W (the first 2 diagrams in 
figure 0). With a further requirement of > 20 GeV, the single-W events 
can be selected. We call this set of cuts "single-W cuts". The M(e~-z7g) 
distribution with "single-W cuts" (solid line) and with no cuts (dashed line) 
are compared in figure 0-e), which illustrates the rejection power against W- 
pair events. The angular distribution of the muon after the "single-W cuts" 
are shown in figure IJ-f). The muon from the single-W process has high en- 
ergy and its angular distribution is not particularly forward-peaked. Because 
of this very high Pt signature, one can remove two-photon events without 
significant loss of single-W events. 

We have calculated the total cross-section for e"'"e~ e~Uef^~^^fi in three 
cases; 

• With no cuts. 

• "Canonical cuts" 0: |cos6'e-|, | cos 6^^+ 1 < 0.985 and Eg-, > 1 GeV. 

• "Single-W cuts" defined above. 

Figure || compares the results as a function of Ecm- Since "canonical cuts" 
enhances W-pair production, the cross-section rises rapidly above the WW 
threshold. A monotonic increase in single-W cross-section is seen as Ecm 
increases. Taking the charge conjugate state into account, the cross-section 
of the single-W process with eu^u final state is significant (table |1|). One 
can observe "single muon" events from single-W production with modest 
luminosity at LEP2. 
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Ecm (GeV) 


161 


176 


188 


192 


a (fb) 


28 


39 


50 


54 



Table 1: Cross-section of single- W process with eujjLi' final state 



4 Anomalous couplings 



To test the triple gauge boson couphng, we use the following effective La- 
grangian [|l^] assuming both C and P conservation: 



■rwwv 



gwwv 



(2) 



where = 7 or Z, and the overall couplings are gww-y = e, gwwz = e cot 9w, 
W^y = d^Wu - duW^ and V^u = d^V^ - dyV^. 

Since gl is required to be 1 by electromagnetic gauge invariance, devia- 
tions from the Standard Model are defined as 5 parameters: 



^gf = {gf - 1: 



A/t^ = {k^ — 1) 



/\kz = {k,z - 1), A^, X2 



(3) 



Current best published bounds are obtained by CDF and D0 from studies 



of W-f events 0: -1.6 < Ak^ < 1.8, -0.6 < < 0.6. 



The anomalous TGCs are already severely constrained by low energy 
data |]T5[. The parameters in equation are no longer independent each 
other in order to protect low energy observables from acquiring discrepancies 
with the experimental data. Extensive studies by the symmetry requirements 
have been done from this point of view, which are excellently summarised 
In case the SU{2)l x f/(l)y gauge symmetry is realized linearly, 
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only three of the five couplings are found to be independent [|15], |T6|, by 
considering the dimension 6 operators which do not affect the gauge boson 
propagators at tree level. As a result, the WWZ couplings are related to the 
WW'j ones with the equations: 



cot^ Ow ■ (Akz - Agf), \ = \z. 



(4) 



The anticipated best sensitivity from the W-pair analysis at LEP2 are in- 
ferred based on this relation, which are found to be [0: Ak^ = 0.06, = 0.04 



5 



and Agff = 0.02. Another set of three parameters is relevant for the TGC 
studies at LEP2. For example, the set (Ak^, Ak^, A^ff ) with = = 
corresponds to the nonlinear realization case with the operators of the lowest 
dimensionality ^ |1^]. 

In contrast to the W-pair production, the observable of the single-W 
process is not constrained by these relations since the contribution from the 
WW Z vertex diagram for single-W process is very small at LEP energies. In 
figure 1^, we demonstrate the variation of the cross-section at Ecm = 192 GeV 
as a function of the anomalous couplings; A^ (a), Ak^ (b), Xz (c), Akz 
(d) and Agf (e), respectively. The cross-section depends only marginally 
on WW Z related couplings while we see a large sensitivity to WW'y ones. 
Because of this orthogonal feature against WWZ couplings, one can extract 
anomalous WW'j couplings independently by studying the single-W process 
even without using any relationship between WW'j and WWZ couplings. 

Figure | shows the similar sensitivity curves to figure ^ but the con- 
straint is used. The difference between two cases is numerically very 
small. For the rest of this paper, we adopt the constraint in order to 
preserve the gauge invariance. The third independent quantity Agf is also 
insensitive to the observable and only a huge deviation from the Standard 
Model could give rise to a detectable change of the cross- sect ion. Therefore 
we approximate it to the Standard Model value (=0). 

Figure ^a), b) and c) illustrate a specific sensitivity to the anomalous 
coupling as a function of Ecm- In figure 0-a), the solid line corresponds to the 
Standard Model cross-section with "single-W" cut. If we assume anomalous 
couplings to be Ak^ = — cot^ 9w ■ Akz = 2, we get a significantly larger 
cross-section (dashed line). Also in the figure, the ratio of two cases (b) 
and the difference between two (c) are shown as a function of Ecm- The 
enhancement factor of about 6 is expected, which is in marked contrast to 
W-pair production since the measurement of the WW total cross-section is 
not sensitive to the anomalous coupling around the LEP energy region. We 
give the sensitivity for W-pair production as dashed lines in figure |^b) and 
c), where the "canonical cuts" are made to enhance WW contribution above 
the threshold. The W-pair case is much less sensitive than the single-W case. 

We estimate the precision in TGCs based on a 1-parameter fit. The 
anticipated sensitivity for the anomalous couplings are; 

- 0.4 < Ak^ < 0.3, -0.9 < A^ < 1.0, 
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at 95% C.L., where Ecm = 192 GeV and / Cdt = 500pb^^ are assumed. 

We emphasise that one can improve the hmits further by including other 
channels: eu^eUe, eUeT^r and eu^qq'. Event signatures for the other lepton 
channels are similar to single muon case. The hadronic channel might be dif- 
ficult to separate from 7Z° events where the initial 7 escapes down the beam 
pipe. Since a single-W is produced nearly at rest, two jets from the W tend 
to be back-to-back and the direction of missing energy does not necessarily 
lie close to the beam pipe. This signature may help for the separation from 
the 7Z° process. In view of TGC studies, the hadronic single-W channel 
is very attractive because of its large cross-section. We have calculated the 
total cross-section for the hadronic channel to be 350fb at Ecm = 192 GeV. 
Single-W process is, in general, more sensitive to Ak^ than to A^. Although 
the anticipated bound on will not be attractive (~ 0.6), the sensitivity of 
|Ak^| ~ 0.1 is expected with / Cdt = 500pb^^ which is comparable to that 
will be obtained from W-pair studies [1^]. 

5 Conclusion 

We have for the first time presented the TGC studies making use of single-W 
production at the LEP energy region. The cross-section measurement of this 
process are found to give good sensitivities to the anomalous couplings, in 
particular to Ak^. 

We emphasise that the precise study of the WW'j vertex from e+e^ — *■ 
e~UeW~^ process is important to disentangle the complex effects coming from 
WW'J and WWZ vertices which will be obtained from W-pair production 
analyses. In this sense, the bounds from single-W process are complementary 
to W-pair ones. 

It should also be noted that the sensitivity for the anomalous couplings 
does not depend so much on Ecm since the cross-section of the single-W 
process is relatively flat over the LEP energy region while the considerable 
enhancement is expected with small deviations from the Standard Model. 
Data collected at any energy points are equally useful. This signature is in 
contrast to the W-pair production analysis, which depends largely on the 
Ecm available. Especially even below WW threshold, single-W analysis has 
a sensitivity to the anomalous couplings. For example, each LEP experi- 
ment has already collected 5pb~^ data at 130-136 GeV. Searching for high 
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Pt muons would already give C(10) sensitivity to the anomalous coupling 
constants. 
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produced by GRACEFIG 



Figure 1: The s-channel diagrams of the e'*"e~ — > e'v^.jjL'^h'n process in the 
unitary gauge. The first three diagrams in the first row are double-resonant 
diagrams. 
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produced by GRACEFIG 



Figure 2: The i-channel diagrams of the e+e~ — > e~Vf.jji'^i'^ process in the 
unitary gauge. The first and second columns show the single-resonant dia- 
grams and the rest shows the non-resonant diagrams. Diagrams in the first 
row {j-W processes) gives the dominant contribution among the i-channel 
diagrams. 
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Figure 3: Event distributions for e"^e~ e^z/c/W^^'/t process. The top two 
figures compares M(e~-z7g) versus M(/i+-z/^) with no cuts (a) and with the 
cuts-(P (b). Figure c) and d) show the momentum distribution for muons. 
The W-pairs (dashed hne in e) are highly suppressed by "single-W cut" , while 
keeping single-W contribution (solid line in e). The angular distribution for 
muon is given in f). 



13 




IQ I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I L_ 

130 140 150 160 170 180 190 



Figure 4: The total cross-section for the process e+e" — > e'VeiJi^Vf^ as a 
function of Ecm with no cut (dashed hne), with "canonical cuts" (dotted line) 
and with "single-W cuts" (solid line) on a linear scale (a) and a logarithmic 
scale (b). 
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Figure 5: Variation of the cross-section for the single- W process with eu/jLu 
final state at Ecm = 192 GeV: (a) A^, (b) Ak^, (c) Xz, (d) Akz and (d) Agf . 
Note that the vertical scales are expanded for Z-related couplings (c-e). 
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Figure 6: Variation of the cross-section for the single- W process with eu/jiu 
final state at Ecm = 192 GeV with SU{2) x U{1) constraints: (a) A-^ = A^, 
(b) Ak^ = — cot^ 9w ■ ^i^z- 
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Figure 7: The enhancement of the cross-section due to the anomalous cou- 

phngs as a function of Ecm- Two cases are compared: "single- W cuts" and 
"canonical cuts". In the cross-section plot (a), solid (single-W) and dotted 
(canonical) line correspond to the Standard Model cross-section (asTo), and 
dashed (single-W) and dashed-dotted (canonical) line is with the assump- 
tion of — — cot^ dw • Ai^z — 2 {(Ja.c.)- The ratios of asm and cr^.c. are 
given (b) as well as the differences (c) (sohd hue: single-W cut, dashed-line: 
canonical cut). 
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